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A Palmitoylation Switch Mechanism
in the Regulation of the Visual Cycle
synthesis of chromophore is needed, and the converse
applies in darkness.
The biosynthesis of 11-cis-retinal is complex because
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it is an unstable molecule and requires the input of meta-1Department of Biological Chemistry
bolic energy (Rando, 1991; Deigner et al., 1989). A three-and Molecular Pharmacology
component system in the RPE is required in the transHarvard Medical School
to cis reisomerization process (Figure 1) (Rando, 2001;45 Shattuck Street
Gollapalli and Rando, 2003). The process begins withBoston, Massachusetts 02115
the LRAT-mediated esterification of vitamin A using leci-
thin as the acyl donor to generate hydrophobic all-trans-
retinyl esters (Barry et al., 1989; Saari, 2000). The all-
Summary trans-retinyl esters (chiefly palmitate) are mobilized by
mRPE65, to which they are stereospecifically bound
RPE65 is essential for the biosynthesis of 11-cis-reti- with high affinity (Gollapalli et al., 2003, 2004), prior to
nal, the chromophore of rhodopsin. Here, we show entering the visual cycle, where they are processed by
that the membrane-associated form (mRPE65) is triply isomerohydrolase (IMH) into 11-cis-retinol (Bernstein et
palmitoylated and is a chaperone for all-trans-retinyl al., 1987; Deigner et al., 1989). The molecular logic of
esters, allowing their entry into the visual cycle for this pathway occurs as a consequence of the coupling
processing into 11-cis-retinal. The soluble form of of the exergonic free energy of all-trans-retinyl ester
RPE65 (sRPE65) is not palmitoylated and is a chaper- hydrolysis to the endergonic trans to cis isomerization
one for vitamin A, rather than all-trans-retinyl esters. process (Rando, 1990).
Thus, the palmitoylation of RPE65 controls its ligand While the overall biosynthetic pathway to 11-cis-reti-
binding selectivity. The two chaperones are intercon- nol is well understood, an understanding of the control
verted by lecithin retinol acyl transferase (LRAT) acting elements, which influence the pathway, is less well de-
as a molecular switch. Here mRPE65 is a palmitoyl veloped. Central to this issue is how the pathway is
donor, revealing a new acyl carrier protein role for regulated. In other words, what controls the biosynthe-
palmitoylated proteins. When chromophore synthesis sis and fluxes of retinoids in vision? In the light, rapid
is not required, mRPE65 is converted into sRPE65 by syntheses of 11-cis-retinol occurs in the RPE to satisfy
LRAT, and further chromophore synthesis is blocked. the chromophore requirement in the photoreceptors.
The studies reveal new roles for palmitoylated proteins In the dark, net accumulation of 11-cis-retinol/11-cis-
as molecular switches and LRAT as a palmitoyl trans- retinyl esters occurs in the RPE at an exceedingly slow
ferase whose role is to catalyze the mRPE65 to rate (Bridges, 1976). The isomerization system is largely
sRPE65 conversion. switched off in darkness. Thus far, only one element,
the powerful inhibition of 11-cis-retinoid biosynthesis by
11-cis-retinol, has been identified (Winston and Rando,Introduction
1998). In the current studies, we demonstrate a surpris-
ing mode of regulation involving RPE65, previously iden-Vision in all species begins with the absorption of light
tified as an all-trans-retinyl ester binding protein (Golla-by rhodopsin initiating the heterotrimeric G protein-
palli et al., 2003; Mata et al., 2004).mediated phototransduction cascade (Arshavsky et al.,
Knockout studies on RPE65 show it to be absolutely
2002). Rhodopsin is able to absorb light in the visible
essential for chromophore biosynthesis in vertebrates
range only because it contains 11-cis-retinal, a deriva-
(Bavik et al., 1993; Hamel et al., 1993; Redmond et al.,
tive of vitamin A, as a small molecule chromophore (Fig- 1998). Mutations in the protein have also been shown
ure 1) (Wald, 1953). Indeed, the elemental light trigger to be associated with visual diseases (Thompson and
event involves the irreversible cis to trans photoisomer- Gal, 2003). As isolated, there are at least two distinct
ization of this chromophore, which drives the conforma- forms of RPE65 (Ma et al., 2001). The higher molecular
tional transition of rhodopsin into its signaling form weight form associates with RPE membranes (mRPE65),
(Stryer, 1986). In order for vision to proceed after the while the predominant lower molecular weight form is
absorption of light, the resynthesis of the 11-cis-retinal soluble (sRPE65) (Ma et al., 2001). mRPE65 binds the
chromophore of rhodopsin is required. This resynthesis long chain hydrophobic all-trans-retinyl esters stereo-
is the sine qua non of continued vision and is also an specifically (Jahng et al., 2003a; Gollapalli et al., 2003),
essential part of the recovery phase of visual transduc- and it is this form of RPE65 that mobilizes them for IMH
tion as the system resets to respond to further light action (Mata et al., 2004). The lower molecular weight
fluxes (Arshavsky et al., 2002). How the 11-cis-retinal sRPE65 has no known function, but is shown here to
chromophore of rhodopsin is resynthesized and how stereospecifically bind vitamin A (all-trans-retinol) with
the rate of this process is controlled by ambient light higher affinity than all-trans-retinyl esters. In other
are central issues in vision. At high light fluxes, rapid words, sRPE65 and mRPE65 exhibit opposite binding
specificities. It is further shown here that mRPE65 is
palmitoylated and that the change in binding specificity*Correspondence: robert_rando@hms.harvard.edu
2 These authors contributed equally to this work. is determined by the state of palmitoylation of RPE65.
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Figure 1. The Mammalian Visual Cycle
This represents a new role for palmitoylation as the role mitate (Gollapalli et al., 2003). In the present study, the
binding of retinoids to sRPE65 is measured by the fluo-of this posttranslational modification is generally
thought to be largely confined to membrane targeting rescence methodology already described (Gollapalli et
al., 2003). Figures 2A and 2B show data for the binding of(Milligan et al., 1995; Resh, 1999; Bijlmakers and Marsh,
2003). It is also demonstrated here that the two forms all-trans-retinol and all-trans-retinyl palmitate to purified
sRPE65. As shown in Figure 2A, the binding of all-trans-of RPE65 are interconverted by the LRAT-mediated pal-
mitoylation of vitamin A/11-cis-retinol with mRPE65 as retinol to sRPE65 led to an exponential decay in protein
fluorescence which followed a saturable binding iso-the palmitoyl donor, revealing a further new role for
palmitoylated proteins. The sRPE65 to mRPE65 conver- therm and yielded an average KD (Figure 2D) for binding
of approximately 65 nM (Figure 2A2). Figure 2B showssion provides a biochemical switch, which directs the
flow of vitamin A to the IMH pathway and thus imposes data for the binding of all-trans-retinyl palmitate to
sRPE65 with a similar exponential decay in protein fluo-an element of control over the visual cycle. The system
is regulated by the availability of the isomerization sub- rescence. This decay followed a saturable binding iso-
therm and yielded an average KD (Figure 2D) for bindingstrate (all-trans-retinyl esters) and product (11-cis-reti-
nol). The formation of the product switches the system of approximately 1.2 M (Figure 2B2). The binding data
are compiled in Figure 2D and are compared to theoff because it accepts a palmitoyl group from mRPE65
converting it into sRPE65. In this pathway, LRAT func- binding of mRPE65.
tions as a palmitoyl transferase. This observation may
illuminate the roles of the family of enzymes, including Functional Consequences of Vitamin A
class II tumor suppressors and developmental switches, Binding to sRPE65
of which LRAT is the founder member (Jahng et al., Vitamin A bound to sRPE65 is shown to be metabolically
2003b). active by demonstrating its ability to be processed by
LRAT, an enzyme which represents the only known met-
abolic route for vitamin A processing in the RPE (BarryResults
et al., 1989; Saari, 2000). As shown in Figure 2C, vitamin
A bound to sRPE65 is an excellent substrate for tLRAT,The Stereospecific Binding of Vitamin A
by sRPE65 a readily expressed form of LRAT, which is mechanisti-
cally indistinguishable from LRAT (Bok et al., 2003).As mentioned above, membrane-associated RPE65
(mRPE65) stereospecifically binds all-trans-retinyl pal- These studies demonstrate that sRPE65 can indeed di-
RPE65 Palmitoylation Controls the Visual Cycle
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Figure 2. Interactions of sRPE65 with All-trans-Retinoids
(A) Fluorescence titration of sRPE65 with all-trans-retinol (tROL). The excitation wavelength was at 280 nm and the emission was observed
through 0.5 cm layer of solution. The titration solution consisted of 0.37 M of sRPE65 in 100 mM phosphate-buffered saline (150 mM) pH
7.4 and 1% CHAPS. (A1) shows the emission spectra of sRPE65 with increasing concentrations of tROL. (A2) shows the linear squarefit plots
for the titration of sRPE65 versus tROL.
(B) Fluorescence titration of sRPE65 with all-trans-retinyl palmitate (tRP). (B1) shows the emission spectra of sRPE65 with increasing concentra-
tions of tRP. (B2) shows the linear squarefit plots for the titration of sRPE65 versus tRP.
(C) sRPE65 as a vitamin A chaperone in the formation of all-trans-retinyl esters. All-trans-retinyl palmitate is produced in the presence of (1)
sRPE65 (0.04 M), dodecyl maltoside (0.1%), and DPPC (200 M), but not (2) dodecyl maltoside (0.1%) and DPPC (200 M) or (3) sRPE65
(0.04 M) alone. All reaction mixtures contain 100 mM Tris (pH 8.4), 1 mM dithiothreitol, 1 mM EDTA, 5 M tLRAT, and 0.2 M tROL.
(D) Fluorescence titration between RPE65 and retinoids. Binding constants of all-trans-retinol and all-trans-retinyl palmitate with mRPE65 and
sRPE65 with 1% CHAPS in 100 mM phosphate buffer with 150 mM sodium chloride.
rect vitamin A to LRAT, and thus the binding of vitamin Palmitoylation of sRPE65
The biochemical relationship between mRPE65 andA to sRPE65 may have functional significance. In the
absence of sRPE65, very little synthesis of all-trans- sRPE65 was studied with respect to their hydrophobic
posttranslational modification states. S-palmitoylationretinyl palmitate occurs (Figure 2C).
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seemed the most likely possibility given that the process behavior similar to sRPE65 or mRPE65. mRPE65 was
incubated with excess vitamin A and tLRAT. After theis reversible (Patterson, 2002). This can be directly
tested in a standard way by growing insect cells (sf21) removal of the retinoids and tLRAT, the sRPE65 was
then studied with respect to its ability to bind vitamin Atransfected with rHRPE65 baculovirus (Ma et al., 2001)
in 3H2-palmitic acid and determining whether the ex- and all-trans-retinyl palmitate. As shown in Figure 2D,
the treatment of mRPE65 with LRAT and vitamin A con-pressed mRPE65 is labeled (Stacie and Yuechueng,
1997; Kammer et al., 2003). As shown in Figure 3A, verts mRPE65 to a functional binding form of RPE65
indistinguishable from that of isolated sRPE65.purified rmRPE65, expressed in insect cells, is indeed
labeled by added 3H-palmitic acid. As expected, treat-
ment of the labeled mRPE65 with hydroxylamine, which 11-cis-Retinol Is Palmitoylated
cleaves thioesters, releases the label (Stacie and by mRPE65 and LRAT
Yuechueng, 1997; Kammer et al., 2003). In order to de- It is of interest to determine whether 11-cis-retinol, the
fine the sites of in vivo modification of mRPE65, mass direct product of IMH action, is also esterified (Figure
spectroscopic experiments were performed on purified 5A) (Trehan et al., 1990). As Figure 5B shows, 11-cis-
bovine mRPE65 and sRPE65. These samples were di- retinol is actually a superior substrate in this palmitoyla-
gested with trypsin and subjected to mass spectro- tion reaction than is vitamin A. The palmitoylation of 11-
scopic analysis (Figures 3B and 3C). The results show cis-retinol by mRPE65 provides a natural mechanism
that mRPE65 is triply palmitoylated at positions C231, through which mRPE65 is turned over and control is
C329, and C330. By comparison, the data also show exerted during the operation of the visual cycle because
that sRPE65 appears not to be palmitoylated. 11-cis-retinol drives mRPE65 to sRPE65, effectively
shutting down the pathway to chromophore biosynthe-
sis. This is directly demonstrated in Figure 5C in whichThe Interconversion of mRPE65
RPE membranes are treated with 10 M 11-cis-retinoland sRPE65 by LRAT
to drive the mRPE65 to sRPE65 transition. Irradiation ofSince mRPE65 and sRPE65 exhibit complementary reti-
the sample with ultraviolet light destroys the 11-cis-noid binding specificities, it is essential to understand
retinoids. Control and treated samples are then incu-how these two molecules are interconverted. Most inter-
bated with vitamin A, and the rates of 11-cis-retinol, theestingly, LRAT is able to utilize mRPE65 as a palmitoyl
product of IMH, are measured. The sample pretreateddonor (Figure 4A) and transfers this moiety to vitamin A
with 11-cis-retinol shows a distinct lag period beforeto generate all-trans-retinyl palmitate (Figures 4B–4D).
product synthesis occurs.In these experiments, pure mRPE65 and vitamin A are
incubated with LRAT and the resultant all-trans-retinyl
palmitate is isolated by HPLC. Mass spectroscopic anal- Discussion
ysis of the isolated all-trans-retinyl palmitate show it to
be authentic, and hence a palmitoyl moiety was trans- In the studies reported here, we demonstrate that the
flux of retinoids in the visual cycle can be regulated byferred from mRPE65 to vitamin A. These data also reveal
that mRPE65 is a much more efficient palmitoyl donor the reversible palmitoylation of RPE65 by LRAT. These
studies reveal new roles for palmitoylation, palmitoyl-than dipalmitoyl phosphatidylcholine (DPPC), the stan-
dard acyl donor in the LRAT reaction (Barry et al., 1989; ated proteins, and for LRAT as a palmitoyl transferase.
Importantly, they also reveal a new potential regulatorySaari, 2000). Under the same conditions, no observable
turnover of DPPC is measured (Figure 4B). The kinetic mechanism in the visual cycle involving RPE65. It is
known that RPE65 plays an essential role in the visualplot shown in Figure 4B reveals sigmoidal kinetics with
a calculated KM of 0.03 M for mRPE65 (compared to cycle, as originally made clear by knockout studies in
mice (Redmond et al., 1998). The most striking pheno-a value of 1.4 M for DPPC [Shi et al., 1993]). The Hill
plot (Figure 4C) yields a value of 2.54 for N, suggesting type of the knockout is an inability to synthesize 11-cis-
retinoids, with the concomitant accumulation of longthat more than one molecule of mRPE65 is involved
in the transfer of the palmitoyl group. The observed chain all-trans-retinyl esters (Redmond et al., 1998). This
phenotype can be understood in terms of an essentialsigmoidal kinetics suggests a regulatory role for this
process, allowing it to respond to slight changes in biochemical role of mRPE65 (Jahng et al., 2003a; Golla-
palli et al., 2003; Mata et al., 2004). The membrane-mRPE65 concentrations.
Reversibility in the reaction is readily established associated form of this major RPE protein (mRPE65)
specifically binds long chain all-trans-retinyl esters and(Saari et al., 1993). In these experiments (Figure 4D),
excess all-trans-retinol is incubated with mRPE65 and mobilizes them for further processing in the visual cycle
(Gollapalli et al., 2003). The all-trans-retinyl esters aretLRAT until no further all-trans-retinyl palmitate is gener-
ated. This is followed by treatment with 3H-trans-retinol. the substrates for the IMH, which converts them into
11-cis-retinol (Gollapalli and Rando, 2003). An all-trans-The subsequent rise of the specific activities of all-trans-
retinyl palmitate and the fall in specific activities of all- retinyl ester chaperone role for mRPE65 is required for
mobilization of these esters. Regulation is not implicittrans-retinol at constant all-trans-retinyl palmitate levels
reveals the equilibration of substrates (Figure 4D). The here because there is no molecular alteration of mRPE65
implied during the operation of the cycle. Several obser-next question to address is that of the functional signifi-
cance of the mRPE65 to sRPE65 conversion. vations reported here, however, bear on this issue and
make it exceedingly likely that regulation is imposed onThe issue at hand is whether the resultant depalmitoy-
lated RPE65 (i.e., sRPE65) formed when mRPE65 is the visual cycle at the RPE65 stage.
The salient facts with respect to invoking regulationtreated with tLRAT and vitamin A shows retinoid binding
RPE65 Palmitoylation Controls the Visual Cycle
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Figure 3. In Vivo Palmitoylation of mRPE65
(A) shows the in vivo palmitoylation of
rHmRPE65, expressed in sf21 cells in the
presence of 3H2 palmitic acid and separately
in the presence of unlabeled palmitic acid.
L1–L4 show the Coomassie stained gel,
L5–L6 show the autoradiogram of L1–L4, and
L8 shows the Western blot of rHmRPE65. In
panel A, L1 shows the 14C molecular weight
markers; L2 shows the control with purified
rHmRPE65 expressed in sf21 cells grown in
the presence of unlabeled palmitic acid (0.09
M); L3 shows where purified rHmRPE65 ex-
pressed in sf21 cells in the presence of 3H2
palmitic acid (0.09 M-0.5 mCi/ml) and
treated for 16 hr with 0.5 M Tris (pH 8.0); L4
shows purified rHmRPE65 expressed in sf21
cells in the presence of 3H2 palmitic acid (0.09
M-0.5 mCi/ml) and then treated for 16 hr
with 0.5 M hydroxyl amine (pH 8.0); L5, L6,
and L7 show the autoradiograms of L2, L3,
and L4. L8 shows the Western blot for purified
rHmRPE65 detected with anti-RPE65 primary
antibody (1:4000—1 hr room temperature).
(B) and (C) show the mass spectrometry anal-
ysis of two different peptides from mRPE65
and sRPE65. Trypsin-digested RPE65 pep-
tides were analyzed by MALDI-TOF. Peak an-
notations are as follows: (B) 1378.9 Da (amino
acid sequence 223–234, SEIVVQFPCSDR),
1429.4 Da (1–14, N-Acetyl-SSQVEHPAGG
YKK), 1477.4 Da (34–44, IPLWLTGSLLR),
1483.0 Da (114–124, NIFSRFFSYFR), 1616.6
Da (223–234, SEIVVQFPC*SDR), 1700.1 Da
(83–96, FIRTDAYVRAMTEK), 1701.7 (367–
381, RYVLPLNID), 1718.7 (83–96, FIRTDAY
VRAM#TEK). (C) 2770.3 (333–354, GFEFVYNY
SYLANLRENWEEVK), 3321.6 (306–332, TSP
FNLFHHINTYEDHEFLIVDLCCWK), 3797.8
(306–332, TSPFNLFHHINTYEDHEFLIVDLC*
C*WK). C* denotes palmitoylated cysteine
and M# for oxidized methionine.
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Figure 4. mRPE65-Mediated All-trans-Retinyl Ester Biosynthesis in the Presence of tLRAT
(A) LRAT-mediated palmitoylation of vitamin A using mRPE65 as the palmitoyl donor.
(B and C) Kinetics of mRPE65-mediated all-trans-retinyl ester biosynthesis. (A) shows the mRPE65 alone (--) and DPPC alone (--) dependent
esterification of all-trans-retinol. KM (Kapp) of mRPE65 was derived to be 0.03 M. (B) shows the Hill plot derived from the data shown in (A)
with mRPE65 as the acyl donor, N was calculated to be 2.54.
(D) Reversible exchange of palmitoyl group between all-trans-retinol and all-trans-retinyl ester. The panel shows the change in specific activities
(left y axis) of tRP (--) and tROL (--) as a function of time. The total retinyl ester (--) formed (right y axis) shows the saturation of the ester
synthesizing reaction. Each reaction contains 100 mM Tris (pH 8.4), 0.06 M mRPE65, 5 M tLRAT, 1 mM dithiothreitol, 1 mM EDTA, and 10
M tROL.
at the level of RPE65 can be summarized as follows: (1) the opposite effect because they drive sRPE65 to
mRPE65.mRPE65 and sRPE65 show different and complemen-
tary retinoid binding profiles. mRPE65 specifically binds The studies described above are primarily derived
from in vitro experiments and it is reasonable to askall-trans-retinyl esters and makes them available for IMH
processing, while sRPE65 specifically binds vitamin A, how these studies would apply in vivo. A simple working
model can be generated to synthesize the experimentalmaking it available for LRAT. (2) The predominant form
of RPE65 as isolated is sRPE65, and not mRPE65. (3) observations made here into an important regulatory
element in the control of the visual cycle. Figure 6 showsmRPE65 and sRPE65 differ in their states of palmitoyla-
tion. (4) The reversible sRPE65 to mRPE65 interconver- how the regulatory elements described might direct the
flow of retinoids in vision. In the dark, when formationsion is cooperative and catalyzed by LRAT so that small
changes in the levels of mRPE65 will have a magnified of the visual chromophore 11-cis-retinal is not required,
sRPE65 is expected to be the predominant form ofeffect on isomerization. (5) mRPE65 acts as a palmitoyl
donor for 11-cis-retinol in the presence of LRAT, reveal- RPE65. The sRPE65 is generated by the palmitoylation
of 11-cis-retinol by mRPE65, and perhaps also by theing a dual role for mRPE65, as a retinoid binding protein
and an acyl donor that limits isomerization by decreas- hydrolysis of mRPE65 by palmitoyl esterases activated
in the dark. It is quite conceivable that G protein-coupleding the levels of mRPE65; (6) all-trans-retinyl esters have
RPE65 Palmitoylation Controls the Visual Cycle
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Figure 5. tLRAT/mRPE65-Mediated Esterification of 11-cis-Retinol
(A) LRAT-mediated palmitoylation of 11-cis-retinol using mRPE65 as the palmitoyl donor.
(B) 11-cis-retinol is the preferred substrate during the tLRAT/mRPE65-mediated esterification (palmitoylation) of the retinols. (1) 11-cis-retinol
(2 M) and mRPE65 (0.02 M). (2) all-trans-retinol (2 M) and mRPE65 (0.02 M). (3) 11-cis-retinol (2 M) and DPPC/BSA (250 M/0.4%). (4)
all-trans-retinol (2 M) and DPPC/BSA (250 M/0.4%). All reaction mixtures contain 100 mM Tris (pH 8.4), 1 mM dithiothreitol, 1 mM EDTA,
and 5 M tLRAT.
(C) shows the effect of 11-cis-retinol-mediated depalmitoylation of mRPE65 in RPE membranes on isomerization activity. This panel shows
the time-dependent generation of [11-12-3H2] 11-cis-retinol in the presence of 11-cis-retinol-mediated depalmitoylation (--) and in the absence
of 11-cis-retinol-mediated depalmitoylation (--). The inset shows the full-time interval.
events are involved here. Light flips the switch (Figure occurs to the photoreceptors when opsin is made avail-
able as a consequence of the bleaching of rhodopsin6A) because the photoisomerization of rhodopsin in the
photoreceptors results in a flux of vitamin A to the RPE. in the light. The exothermic binding of opsin with 11-
cis-retinal to form rhodopsin drives this process. TheThe RPE is primed to chaperone vitamin A to LRAT to
generate all-trans-retinyl esters, the substrates for IMH switch would be turned back off in the dark (Figure 6)
because 11-cis-retinol is palmitoylated, using mRPE65(Gollapalli and Rando, 2003). The all-trans-retinyl esters
have a second role, as shown here, to drive the sRPE65 as the acyl donor to form 11-cis-retinyl palmitate, the
storage form of the chromophore, and sRPE65. Thisto mRPE65 conversion. This process is cooperative so
that small changes in the concentration of mRPE65 will shuts the system down because the latter is a chaperone
for vitamin A, not all-trans-retinyl esters, and is unablehave large effects on the rate of processing of all-trans-
retinyl esters and isomerization. The mRPE65 directs to facilitate IMH processing. Again, because of the co-
operativity of the process, a small shift in concentrationthe flow of all-trans-retinyl esters to IMH, where it is
processed to form 11-cis-retinol. Once the 11-cis-retinol of mRPE65 will have a large effect on the rate of 11-cis-
retinol synthesis. The palmitoylation of 11-cis-retinol byis formed, it can be partitioned directly into 11-cis-reti-
nal, the chromophore of rhodopsin, by binding to mRPE65 also would explain the putative turnover of
mRPE65 during the operation of the visual cycle, al-cRALBP, with subsequent oxidation by 11-cis-retinol
dehydrogenase (Saari, 2000). This flow of chromophore though as suggested above, additional factors may also
Cell
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Figure 6. Flow of Retinoids in the Visual
Cycle
(A) How the palmitoyl switch would behave
in light and dark.
(B) The flux of retinoids in the visual cycle
and the role of the palmitoyl switch in direct-
ing their flow.
enhance mRPE65 hydrolysis. Thus, the proposed switch Bijlmakers and Marsh, 2003). There is no doubt that in
the case of RPE65 palmitoylation-mediated transition ofwould operate very simply: the rise in all-trans-retinyl
ester levels facilitates chromophore biosynthesis be- sRPE65 to mRPE65, membrane targeting is an outcome.
However, the studies reported here reveal two othercause mRPE65 is regenerated to direct retinoid flow to
the IMH. The rise in 11-cis-retinol formation switches roles for palmitoylation. First, as mentioned above, pal-
mitoylation alters the ligand binding specificity of theoff the system because it drives the mRPE65 to sRPE65
conversion. It is already known that added 11-cis-retinol modified protein. Whether the palmitoyl group(s) of
mRPE65 directly interacts with the all-trans-retinyl es-is a powerful inhibitor of chromophore biosynthesis
in vivo (Winston and Rando, 1998), and it is shown here ters, thus enhancing binding for these molecules through
hydrophobic interactions, or whether palmitoylationin Figure 5A that this inhibition is at least in part due to
the switch effect. Finally, it has been known for years causes a conformational change in the protein is cur-
rently unknown. Second, we also show that a palmitoyl-that 11-cis-retinoid regeneration in the dark is a very
sluggish affair, strongly suggesting a regulatory element ated protein (mRPE65) can function as a palmitoyl do-
nor. Reversible palmitoylation is certainly known andin the process (Bridges, 1976).
The studies described here are of general interest this reversibility may be of regulatory significance (Hous-
lay, 1996; Mumby, 1997; Bijlmakers and Marsh, 2003;beyond their impact on visual processing. Certainly, pal-
mitoyl switch mechanisms could operate in a variety Qanbar and Bouvier, 2003). This is especially interesting
in signal transduction processes where small G proteinsof signal transduction contexts, in addition to the one
explored here. On a biochemical level, the molecular are palmitoylated (Milligan et al., 1995; Morello and Bou-
vier, 1996; Mumby, 1997; Resh, 1999; Chen and Man-basis of the differences in ligand binding selectivity be-
tween mRPE65 and sRPE65 are related only to differ- ning, 2001; El-Husseini and Bredt, 2002; Bijlmakers and
Marsh, 2003; Qanbar and Bouvier, 2003). In these cases,ences in their extents of palmitoylation. Protein palmi-
toylation represents a well-known posttranslational removal of a palmitoyl moiety is thought to occur by
means of an esterase, but an acyl carrier role for themodification whose principle roles are to enhance the
hydrophobicity of proteins, targeting them to mem- small G proteins may not have been addressed (Mumby,
1997; Resh, 1999; Linder and Deschenes, 2003).branes, and also to enhance protein-protein interactions
in certain cases (Dunphy and Linder, 1998; Resh, 1999; LRAT catalyzes the interconversion of mRPE65 and
RPE65 Palmitoylation Controls the Visual Cycle
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at 25C. The samples in PBS buffer were excited at 280 nm andsRPE65, and hence this enzyme is bifunctional because
the fluorescence was scanned from 300 to 500 nm. Fluorescenceit is also responsible for the bulk synthesis of all-trans-
measurements, using 450 l quartz cuvettes with a 0.5 cm pathretinyl esters in the visual cycle. In the studies reported
length, were made at 25C on a Jobin Yvon Instruments Fluoromax
here, mRPE65 acts as the palmitoyl donor, rather than 2, employing the right-angle detection method.
lecithin. This result is surprising because hitherto LRAT The fluorescence of the protein solution was measured after equil-
ibrating it at 25C for 10 min. The sample was then titrated with ahad been considered a rather narrowly specific enzyme
solution of retinoid dissolved in dimethyl sulfoxide. In each titration,that used lecithin (i.e., DPPC) as an acyl donor and a
to a 250 l solution of the protein an equal amount of retinoid,retinol as the acyl acceptor (Can˜ada et al., 1990; Barry
typically 0.2 l, was added and thoroughly mixed before allowinget al., 1989; Saari, 2000). With respect to acyl donor
it to equilibrate for 10 min prior to recording the fluorescence inten-
function, neither the phosphatidylethanolamines nor the sity. The addition of dimethyl sulfoxide (0.1% per addition) did not
phosphatidylserines substitute for lecithin (Can˜ada et have any effect on the fluorescence intensity. The binding constant
(KD) was calculated from the fluorescence intensity by using theal., 1990).
following equation (Gollapalli et al., 2003):LRAT is the founder member of an expanding group
of proteins, many of which are of unknown function
P0 
R0
n(1  )

KD
n(Jahng et al., 2003b). The proteins of unknown function
include class II tumor suppressors and EGL-26, a puta-
P0  total protein concentration.tive enzyme that mediates morphogenesis in C. elegans
(Hanna-Rose and Han, 2002; Anantharaman and Ara-
 
Fmax  F
Fmax  F0vind, 2003). These proteins should be considered as
possible palmitoyl transferase candidates. Along these
n  number of independent binding sites
lines, it is interesting to note that the identification of R0  total retinoid concentration at each addition
dedicated palmitoyl transferase enzymes has not been KD  dissociation constant
Fmax  fluorescence intensity at saturationforthcoming, and the possibility of chemical, rather than
F0  initial fluorescence intensity.enzymatic, palmitoylation is a considered alternative
(Mumby, 1997; Resh, 1999; Linder and Deschenes, 2003;
3H2 Palmitoylation of rHmRPE65Bijlmakers and Marsh, 2003).
6xHis-recombinant human membrane-associated RPE65 was ex-
pressed in recombinant baculovirus in sf21 insect cells. The sf21
Experimental Procedures cells were transfected with recombinant baculovirus followed by
incubation for 8 hr at 25C, followed by addition of 0.09 M of 3H2
Materials palmitic acid (0.5 mCi/ml). The culture was incubated at 25C for 48
Frozen bovine eyecups devoid of retinas were purchased from W. L. hr. A similar culture with nonradioactive palmitic acid (0.09 M)
Lawson Co. (Lincoln, Nebraska). Ammonium bicarbonate, BSA, eth- was grown as control. At the end of the expression, the cells were
ylenediaminetetraacetic acid (EDTA), guanidine HCl, imidazole, harvested at 500  g. The cells were lysed in 100 mM phosphate
DEAE-Sepharose, phenyl-Sepharose CL–4B, all-trans-retinol, all- buffer with 500 mM NaCl (pH 8.0), 5 mM imidazole, and 6 M guanidine
trans-retinyl palmitate, -Cyano-4-hydroxycinnamic acid, and Triz- HCl. The lysis buffer contained the appropriate amount of protease
ma base were from Sigma-Aldrich. Dithiothreitol was from ICN inhibitor cocktail as per the manufacturer’s instructions. The lysed
Biomedicals Inc. 11-cis-Retinol and 11-cis-retinyl palmitate were cells were then centrifuged at 100,000  g to pellet the cell debris
synthesized by following the procedure described elsewhere (Shi and purified on a Nickel-NTA column following the manufacturer’s
et al., 1993). Anagrade CHAPS and dodecyl maltoside were from instructions. The purified protein solution was divided into two parts:
Anatrace. HPLC grade solvents were from Sigma-Aldrich Chemi- (1) was treated for 16 hr with 0.5 M Tris (pH 8.0) and (2) was treated
cals. Anti-RPE65 (NFITKVNPETLETIK) antibody was obtained from for 16 hr with 0.5 M hydroxyl amine (pH 8.0). The protein samples
Genmed Inc and anti-LRAT antibody was a generous gift from Pro- were then analyzed by sodium dodecylsulfate-polyacrlyamide gel
fessor Dean Bok (University of California at Los Angeles). rHRPE65 electrophoresis, Western blot analysis, and autoradiography.
baculovirus was a generous gift from Professor Jian-Xin Ma (Univer-
sity of South Carolina). Hank’s TNM-FH Insect medium was obtained MALDI-TOF Analysis of Purified Bovine mRPE65 and sRPE65
from JRH Biosciences. sf21cells were laboratory stock from Profes- MALDI-TOF mass analysis was performed using a Voyager-DE STR
sor Steven Harrison’s laboratory (Harvard Medical School). Broad from Applied Biosystems. mRPE65 and sRPE65 were purified as
spectrum EDTA-free protease inhibitor cocktail was obtained from described above. The gel band containing pure mRPE65 and
Roche Biosciences. Nickel-NTA resin and Nickel-NTA spin column sRPE65 was dehydrated in acetonitrile for 10 min. Gel pieces were
were purchased from Qiagen Inc. The precast gels (4%–20%) for covered with dithiothreitol (10 mM) in ammonium bicarbonate (100
sodium dodecylsulfate-polyacrlyamide gel electrophoresis, Bench- mM) to reduce the proteins for 1 hr at 56C. After cooling to room
Mark prestained, and Magic molecular weight markers were from temperature, the reducing buffer was removed. The gel washing/
Invitrogen. DEAE Sepharose was from Amersham Biosciences. Buff- dehydration cycle was repeated three times with ammonium bicar-
ers were changed by dialysis in the request buffer overnight in a bonate/acetonitrile before trypsin (12.5 ng/l, 5 l/mm2 gel, over-
slide-a-lyser cassette from Pierce (10 KDa MWCO). RPE65 solu- night) digestion at 37C. Gel slices were centrifuged and the super-
tions were concentrated with an Amicon Ultra centrifugal filtration natant was collected. Peptides were further extracted by one
device (30 Kda cutoff) from Millipore Corp. All reagents were analyti- change of 20 mM ammonium bicarbonate and three changes 50%
cal grade unless specified otherwise. acetonitrile (20 min between changes) at 25C. -Cyano-4-hydrox-
ycinnamic acid (0.5 l, 10 mg/ml) was used as the matrix for each
Purification of mRPE65, sRPE65, and rHRPE65 sample (0.5 l). Samples were run in the reflector mode with 20000V
Purification was performed as described before (Ma et al., 2001). of accelerating voltage and 200 ns of extraction delay time. The laser
The purities of these proteins were verified by silver staining or intensity was 1900–2300, and 100–200 laser shots were collected for
Coomassie staining and Western blot (1:4000 primary antibody— each spectrum. The acquisition mass range was 750–4500 Da with
1 hr at room temperature and 1:4000 secondary antibody—0.5 hr a 600 Da low mass gate.
at room temperature).
Effect of sRPE65 on tLRAT-Mediated Esterification
The activity of LRAT was determined by monitoring the formationFluorescence Binding Assays
RPE65 in PBS, 1% CHAPS, pH 7.4 was used in the fluorometric of tLRAT-catalyzed retinyl esters from added all-trans-retinol [11,12-
3H2] sRPE65 and/or DPPC/dodecyl maltoside. In all of the studiestitration studies. Protein concentrations were measured by a modi-
fied Lowry method (Lowry et al., 1951). All titrations were performed reported here, truncated LRAT (tLRAT) is used (Jahng et al., 2003b).
Cell
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This form of LRAT has the two N- and C-terminal transmembrane retinol [15-3H], and mRPE65. The reaction mixture (volume 0.1 ml)
contains 100 mM Tris (pH 8.4), 5 M of tLRAT 0.3% CHAPS, 1 mMdomains of LRAT truncated and is His-tagged, which allows for the
bacterial expression of LRAT and for its full purification (Bok et al., dithiothreitol, and 0.2 M of all-trans-retinol [11,12-3H2] or 11-cis-
retinol [15-3H] and mRPE65 (0.02 M) or 200 M/0.4% DPPC/BSA2003). LRAT has never been purified and is not expressible in bacte-
ria. Kinetic studies on LRAT and tLRAT show them to behave identi- was incubated for 10 min at room temperature. After 10 min, the
reaction was quenched with 500 l methanol, 100 l of water, andcally (Bok et al., 2003). In the current experiments, the reaction
mixture (volume 0.1 ml) contains 100 mM Tris (pH 8.4), 5 M of 500 l of hexane. The amount of retinyl palmitate formed, as deter-
mined by normal phase HPLC, was used as a measure of activity.tLRAT, 200 M DPPC/0.1% dodecyl maltoside and/or 0.04 M
sRPE65, 1 mM dithiothreitol, and 0.2 M of all-trans-retinol [11,12- Each experiment was done in triplicate, and the data points used
are an average of these three points. The standard error was pre-3H2] and was incubated for 10 min at room temperature. After 10
min, the reaction was quenched with 500 l methanol, 100 l of sented as error bars.
water, and 500l of hexane. The amount of all-trans-retinyl palmitate
[11,12-3H2] formed as determined by normal phase HPLC and was Effect of 11-cis-Retinol-Mediated Depalmitoylation
used as a measure of activity. Each experiment was done in dupli- of mRPE65 on the Generation of 11-cis-Retinol
cate, and the data points used are an average of these two points. Ten micromoles of 11-cis-retinol was added to 1 ml of buffered
suspension of RPE membranes (100 mM Tris pH 8.0, 80 g of pro-
tein), and the solution was incubated at room temperature for 45mRPE65 Concentration-Dependent Esterification
min. A control reaction mixture without 11-cis-retinol was also incu-of Vitamin A
bated at room temperature for 45 min. At the end of the 45 minThe effect of mRPE65 concentration on the rates of all-trans-retinyl
incubation, the reaction mixtures were exposed to UV light (354 nm)palmitate formation was determined by monitoring the tLRAT-cata-
for 10 min to destroy the 11-cis-retinoids. All-trans-retinol [11,12-lyzed formation of all-trans-retinyl palmitate from added [11,12-3H2]-
3H2] (0.1 M) was then added to the reaction mixtures (100 mM Trisall-trans-retinol and mRPE65. It should be noted that all-trans-retinyl
pH 8.0, 80 g of RPE protein 5% BSA, and 0.1 M all-trans-retinolpalmitate formed from mRPE65 and vitamin A was identified both
[11-12-3H2]) and incubated at 37C. One hundred microliter aliquotsby its mass spectroscopic and chromatographic properties. The
of the reactions were quenched after 0, 5, 10, 15, 20, 30, 45, 60, 90,reaction mixture (volume 0.1 ml) contains 100 mM Tris (pH 8.4), 5
120, and 150 min by the addition of 500 l methanol after whichM of tLRAT 0.3% CHAPS, 1 mM dithiothreitol, and 5 M of all-
100 l of H2O was added and 500 l hexane (containing butylatedtrans-retinol [11,12-3H2] and mRPE65 (0, 0.008, 0.02, 0.028, 0.04,
hydroxy toluene at 1 mg/ml) was added to effect extraction of the0.052, 0.06, and 0.08 M) incubated for 10 min at room temperature.
retinoids. The retinoids were analyzed as previously described (Win-After 10 min, the reaction was quenched with 500 l methanol, 100
ston and Rando, 1998). The amount of 11-cis-retinol formed wasl of water, and 500 l of hexane. The amount of all-trans-retinyl
used as a measurement of IMH activity. All experiments were per-palmitate [11,12-3H2] formed as determined by normal phase HPLC
formed in triplicate and the average values of these measurementsand was used as a measure of activity. The kinetic paramaters KM
were used for analysis.(Kapp) and N were calculated as described before (Segal, 1993). Each
experiment was done in triplicate, and the data points used are an
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